Copper() bromide and chloride complexes of the new heptadentate ligand 2,6-bis(bis(2-pyridylmethyl)amino)-methylpyridine (L) have been prepared. For the bromide complexes, chains of novel, approximately
Introduction
Polypyridylamine ligands exhibit a coordination chemistry both rich and diverse. Two examples with widely investigated coordination chemistries are tetradentate tris(2-pyridylmethyl)-amine (TPA) and tridentate bis(2-pyridylmethyl)amine (BPA). Transition metal complexes with BPA and TPA donor domains catalyse a raft of useful chemical transformations such as atom transfer radical polymerisation, 1 hydrolysis, 2-4 organic hydroxylation, 5-8 oxidations of organic substrates by oxygen, peroxide, or superoxide, 9-16 including oxidation of wood pulp,
17,18
transesterification, 19,20 reductive coupling, 21 and the selective oxidative cleavage of DNA.
22-24
Iron and copper complexes incorporating BPA and TPA donor domains are also much used to model aspects of the structure and function of nonheme iron and copper proteins, especially those which bind and activate dioxygen.
25-37
Recently investigations of monomeric BPA and TPA complexes have been extended to oligometallic species that incorporate two or more BPA or TPA donor domains.
14,22-24,27,31,38-42 It is found that bimetallic or metallo-oligomers may exhibit reactivity over and above that of the corresponding monomeric BPA or TPA complex. For example, dioxygen activation and catalytic oxidation activity may be enhanced when the two transition metals are capable of simultaneously binding oxygen.
Surprisingly, dimeric complexes bridged by a ligand incorporating both BPA and TPA donor sets had not been reported prior to this work. Herein are described the synthesis and copper() halide complexes of the new ligand 2,6-bis(bis-(2-pyridylmethyl)amino)methylpyridine (L), 43 which may be thought of as being constructed from directly linked BPA and TPA donor sets. This investigation of the copper coordination chemistry of L was undertaken as a prelude to studies of the oxygen chemistry and catalytic potential of its (di)copper complexes. Crystalline complexes with novel one-dimensional structures were obtained and the solution and redox behaviours of the various species characterised.
The other complexes are 'tribromides' and were obtained starting from copper() bromide. Recrystallisation of the blue solid obtained from an acetonitrile-methanol solution containing two equivalents of CuBr 2 2ϩ tectons with approximate C 2 -symmetry, Fig. 1 and Table 1 . Within each 'wedge' ligand L bridges two copper() ions, wrapping about these either left-or right-handedly so that two outer pyridines form an 'offset-π-stack' with the central pyridine ring. The π-stacked pyridine rings are splayed apart, Fig. 1 , and the mean distance between the ring centroids is 3.6 Å. The two copper() centres within each wedge are separated by 4.80-5.05 Å (the Cu ؒ ؒ ؒ CuЈ separation) and are 'turned' by ∼128Њ (the Br eqCu ؒ ؒ ؒ CuЈ-BrЈ eq dihedral angle) with respect to each other, and it is the twist in L to accomplish this that renders each cation chiral. Each copper() ion is bound at normal bond lengths by the two pyridine and the amine donors of a di-(pyridylmethyl)amine unit and, to complete the equatorial donor set, an ancillary bromide ligand. In the 'axial' positions about each copper are the central pyridine (py*) of L at long Cu ؒ ؒ ؒ N py* distances of 2.88-3.11 Å and a bromide at 2.88-3.08 Å, which is from the adjacent wedge in the 'dibromide' donors lie in a plane, the transoid N py -Cu-NЈ py angles are acute (∼164Њ) due to constraints imposed by the ligand design. Of note, the equatorial bromide is bent out of the equatorial CuN 3 plane toward N py * by ∼10-20Њ (see the ζ and N am -Cu-Br eq angles, Table 1 ). (7) 2.051 (7) 2.068 (7) 2.060 (7) 2.070 (8) are also found throughout the structure. The intra-cation Cu1 ؒ ؒ ؒ Cu2 separation is 6.590 Å, the Cu1 ؒ ؒ ؒ Cu2* separation between adjacent cations is 5.069 Å and, within a pair of chains, the closest interchain Cu ؒ ؒ ؒ Cu separation for Cu1 is 7.105 Å and for Cu2 is 7.251 Å. The closest Cu ؒ ؒ ؒ Cu separation between the pairs of chains is 8.160 Å. 2ϩ (S = solvent; n = 0-4) dication whereas those of the 'tribromide' salts Fig. 6(a) . Fig. 6(b) . The distinct d-d band energies and profiles clearly reveal the 'dibromides' and 'tribromides' to be different species. UV-Vis-NIR spectra of the two trichloride complexes in dimethylformamide solution exhibit a strong d-d band at ∼725 nm (ε max /dm 3 mol Ϫ1 cm Ϫ1 ∼200) with a shoulder to lower energy at ∼930 nm, and a new band, not seen in spectra of the ligand, at ∼450 nm. All of these spectra are diagnostic for tetragonal copper() centres.
EPR spectroscopy. X-Band spectra of the complexes in frozen glasses at 77 K were acquired for all complexes in rapidly frozen acetonitrile, methanol, dimethylformamide and nitromethane solutions (the solution spectra at room temperature are broad and uninformative). Surprisingly the spectra of the 'dibromide' and the 'tribromide' dicopper complexes are all the same, varying only in resolution from one solvent to another. The best-resolved spectra were obtained in nitromethane for the bromides and in methanol for the chlorides. The spectra, e.g. Fig. 7 and Table 3 , are unlike those of isolated copper() centres due to weak dipolar coupling between the two copper() centres. No half-field (∆M = 2) transitions were observed in the spectra, indicating the absence of strong spin-coupling between the copper centres in these dicopper species. 57,58 SpinHamiltonian and structural parameters (see Fig. 8 ) were extracted from spectral simulation, Table 3 , and are indicative for tetragonal copper() centres (d x 2 Ϫy 2 ground state). Importantly, the dipole-dipole coupling and, consequently, the appearance of the EPR spectrum is strongly perturbed by the separation (r) of the copper centres (since ∆H dipolar ∼ 1/r 3 ).
59
The simulated xy plane for each copper centre in the bromide dimers closely corresponds to the crystallographic equatorial plane (defined by the copper and the three equatorial nitrogen and one equatorial bromide donors) and the simulated intercopper distance is 4.9 Å, the same separation as found within the dicopper 'wedges' in the crystal structures (see above). The spectral parameters of the bromide species are thus entirely consistent with the dicopper 'wedge' structure being maintained in solution. The estimated inter-copper separation within the 'trichloride' species is 5.7 Å, much closer than the 6.6 Å inter-copper separation in the crystal structure of [Cu 2 (L)- Fig. 6(b) . After addition of ∼200 equivalents of bromide ion, no further change in the spectra was observed. The affinity constant, K 4 (Br Ϫ ), estimated from these spectra is 2.5 × 10 2 . [
Interestingly, the frozen-glass (77 K) and room-temperature EPR spectra for solutions of the dibromide or tribromide dicopper species did not change upon addition of bromide ion, however much in excess. The invariance in the EPR spectra of these bromo-dicopper species in a particular solvent, irrespective of the bromide content of the complex and bromide concentration in the solution, suggests all species have a similar structure and that the weak-field axial ligands little perturb the spectra (because noticeably different 'di-', tri-and 'tetra'-bromide EPR spectra would be expected if this were not the case).
Electrochemistry
Cyclic voltammograms (CVs) of the dicopper complexes show a single two-electron process that is electrochemically quasireversible (∆E p ≈ 110-130 mV at 100 mV s Ϫ1 and increases with scan rate, whereas ∆E p was ∼70 mV for the ferrocenium-ferrocene couple) but with poor chemical reversibility ( Fig. 9 ). These two-electron processes are attributed to coincident Cu()-Cu() couples, which implies that each copper centre in a dimer is electrochemically independent of the other. ) and that the extra halo-ligands occupy positions which little affect the copper centres -consistent with axial positioning, see above -and/or that the equilibria between these and species with more halogen ligands, e.g. eqns. (1) and (2), are rapid compared to the CV timescale. To positive potentials, the CVs show peaks for the successive oxidations of the halide ion (first to the trihalide anion and then to the halogen
50,63
), the currents of which increased as more of the appropriate halide ion was added (as an anhydrous tetraalkylammonium salt) to the solution.
Discussion
A common tecton is found in the copper bromide structures,
2ϩ wedge, in which the central pyridyl (py*) of L lies almost symmetrically sandwiched between an 'outer' pyridyl from each of the two (BPA)Cu() subunits. The available evidence points to the dicopper wedges persisting in solution and to additional bromide binding to each copper ion of a wedge in the 'outward-facing' axial position. For example, the Cu ؒ ؒ ؒ Cu separation within a wedge is ∼4.9 Å from the X-ray structures and from simulation of the frozen-solution EPR spectra, and the invariant frozen-solution EPR spectra suggest this separation remains unchanged upon successive additions of bromide ion to afford [Cu 2 (L)
2ϩ wedges places the central pyridyl nitrogen within ∼3 Å of both copper ions. A search of the Cambridge crystallographic database revealed fourteen other metal complexes in which the nitrogen of a single pyridyl ring is within 3.1 Å of two metal ions, with the majority being double helicate dimers and all but one, a nickel() dimer, 64 2ϩ wedges is unusual and these complexes are the first to show a pyridyl nitrogen to within 3.1 Å of two almost symmetrically disposed copper() ions.
The copper chloride derivatives contain the [Cu 2 (L)Cl 3 ] ϩ ion, which appears to adopt a non-symmetrical structure with distinct (BPA)Cu and (TPA)Cu domains. Thus, distinct structures are exhibited by the copper chloride and the copper bromide dimers of L, in the solid-state and in solution. This is not surprising since distortion isomers are typically found for copper() complexes as the ancillary ligands and counter ions are changed. 77 It is the structural invariance of the [Cu 2 (L)
tecton with counter ion and bromide content that is most remarkable. These results amply illustrate the flexibility of L and suggest fine-tuning of the geometry and properties of the copper centres within complexes of L is possible through judicious choice of ancillary ligands and counter anions. That the single Cu()-Cu() couple for the copper chloride or copper bromide dimers is independent of the halide concentration implies the copper dimers vary halide content faster than the CV timescale. The poor chemical reversibility for the Cu()-Cu() couple may result from loss of the halide ligands upon reduction to afford the Cu() dimers. And, lastly, the high potential of the Cu()-Cu() couple suggests that dicopper() species should be readily accessible and that these should exhibit a rich reaction chemistry with dioxygen and its partial reduction products.
29,30,32,34

Experimental
Bruker AC 300F (300 MHz) or a Bruker DPX 300 (300 MHz) spectrometers were used to record 1 H and 13 C{ 1 H} NMR spectra. Mass spectra were acquired on a VG Quattro mass spectrometer: electron ionisation (EI) mass spectra were recorded with a 70 eV ionising potential and an ion source temperature of 210 ЊC and electrospray ionisation (ESI) mass spectra were obtained with a capillary voltage of 4 kV and a cone voltage of 30 V at 60 ЊC with a feed solvent of 1 : 1 v/v CH 3 CN-water (with or without 1% acetic acid as necessary). The peak intensity-averaged mass over the isotopomer envelope of each species is quoted. Elemental analyses for C, H and N were carried out at either the Australian National University Microanalytical Laboratory or at the Campbell Microanalytical Laboratory, University of Otago, New Zealand. Prior to being sent for analysis, samples were dried at 40 ЊC for 48 h under vacuum (0.2 mmHg) over phosphorus pentoxide. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analyses for copper and zinc employed a GBC Integra ICP-AES multi-channel instrument. X-Band EPR spectra were recorded on a Bruker EMX 10 spectrometer (ν ≈ 9.5 GHz). Simulations were performed with the program DISSIM. 59 Axial spin Hamiltonian parameters (g x = g y ≠ g z , A x = A y ≠ A z ) are not assumed, merely such a model is the simplest that fully accounts for the characteristically broad frozen solution spectra in which the x, y components could not be resolved. IR spectra were recorded using a Mattson Genesis series FTIR spectrometer (1.0 cm Ϫ1 resolution), and electronic absorption spectra were recorded with a CARY 5 spectrometer. Electrical conductivity measurements were made at 25 ЊC on ∼1 × 10 Ϫ3 M solutions of the metal complexes using an in-house custom-built electrical conductance meter connected to a Phillips conductivity cell. The conductivities were calibrated against that of the 1 : 1 electrolyte n-tetrabutylammonium hexafluorophosphate measured at the same concentration in the same solvent. A computercontrolled Pine bipotentiostat was used for the cyclic voltammetry.
29, 30 Except where stated, reagents were purchased from Aldrich and used without further purification.
Preparations
CAUTION: although no problems were encountered during this work, perchlorate salts are potentially explosive materials and appropriate precautions should be taken when handling them. 3 ) was then added to give a pale yellow suspension. The 1 H NMR spectrum of an aliquot taken after 2 h indicated completion of the reaction, and so the reaction mixture was evaporated to dryness to give an orange oil mixed with white solid. These residues were extracted several times with chloroform (70 cm 3 in total). The chloroform extracts were combined, filtered through a Celite plug, and evaporated under vacuum to produce a tan coloured powder, L (6.26 
2,6-Bis(bis(2-pyridylmethyl)amino)methylpyridine (L).
); m/z (%) (ESI-MS) 502 (100) [(L) ϩ H] ϩ , 252 (60) [(L) ϩ 2H] 2ϩ , 524 (20) [(L) ϩ Na] ϩ . ν max /cm Ϫ1 (KBr) 3426s (OH),
Crystallography
Relevant crystal, data collection and refinement data are summarised in Table 4 . For [Cu 2 (L)Cl 3 ]Clؒ6H 2 O, the chloride ion is 1 : 1 disordered over two sites with two waters that, in turn, show half occupancy of two further sites. A third water also exhibits 1 : 1 disorder. The Cl/O (water) atoms were refined using mixed scattering factors constrained to give the correct proportion of Cl in the compound and the correct O (water) to fit the observed electron density.
CCDC reference numbers 225104-225107. See http://www.rsc.org/suppdata/dt/b3/b315202b/ for crystallographic data in CIF or other electronic format.
